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(54) SELECTIVE SELF-REFERENCE READ
(57)  An apparatus comprising:

a memory array comprising memory cells, the memory
array configured to store data and corresponding error
correction codes;

an error correction encoder/decoder (290) configured to
generate error correction codes, to identify errors in the
data, and to correct errors in the data;

a reference circuit (240) configured to generate a refer-
ence signal;

a self-reference circuit (230) configured to receive a value
read from a selected memory cell of the memory array
associated with a first read operation, and to generate a

200

self-reference signal based on the received value; and
a sense output circuit (226) configured to:

perform a first comparison of the value read from the
selected memory cell of the memory array associated
with the first read operation with the reference signal; and
in response to detecting an error which is uncorrectable
via error correction codes, perform a second comparison
of the a value read from the selected memory cell of the
memory array associated with a second read operation
with the self-reference value, the second read operation
occurring subsequent to the first read operation.
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Description
Background
Technical Field

[0001] This disclosure generally relates to electronics,
and, in particular, to memory devices.

Description of the Related Technology

[0002] Read errors can occurin various types of mem-
ories, such as magnetoresistive random access memo-
ries (MRAMs). MRAM is a form of non-volatile memory
in which data can be stored by adjusting a resistance in
a magnetic tunneling junction (MTJ) of a memory cell.
For instance, the resistance of an MTJ can be switched
between a high resistance state and a low resistance
state. In an MRAM, a current induced magnetic field can
switch the magnetization of the MTJ to switch between
states.

[0003] Certain types of memories can encounter rela-
tively high read error rates. Such error rates can be
caused by several different sources or mechanisms or
non-uniformities in the memories. Due to non-uniformi-
ties in manufacturing, different memory cells in the same
memory array may not be matched with each other. For
instance, in some MRAMs that store binary states, the
variability in the memory cells can cause a relatively high
variation in the distribution in resistance for both the low
resistance states and high resistance states for memory
cells in the same memory array. Some ways of reading
from an MRAM, such as a self-reference read, can en-
counter fewer errors but consume higher power and can
also increase the latency for accessing data from the
memory.

[0004] Accordingly, a need exists for accurately and
efficiently reading from memories, such as MRAMs.

Brief Description of the Drawings

[0005] These drawings and the associated description
herein are provided to illustrate specific embodiments of
the invention and are not intended to be limiting.

Figure 1 is a flow diagram of an illustrative method
of reading data from a memory according to an em-
bodiment.

Figure 2 is a schematic diagram of an illustrative
memory according to an embodiment.

To avoid repetition of description, components hav-
ing the same or similar function may be referenced
by the same reference number.

Detailed Description of Certain Embodiments

[0006] Although particularembodiments are described
herein, other embodiments, including embodiments that
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do not provide all of the benefits and features set forth
herein, will be apparent to those of ordinary skill in the art.
[0007] As discussed above, memories can encounter
read errors. For instance, MRAM cells can have a rela-
tively small difference between resistances in different
states, such as a high resistance state and a low resist-
ance state. Variations in MRAMs and other memories
can contribute to relatively high read error rates. For ex-
ample, some magnetic tunnel junction spin torque trans-
fer magnetoresitive random access memory (MTJ STT-
MRAM) cells in the same memory array can have a rel-
atively high distribution of resistances in both low resist-
ance states and high resistance states. In certain instanc-
es, there can be MTJ STT-MRAM cells that have a low
state resistance that overlaps with the distribution of high
resistance states of other cellsin the same memory array.
Alternatively or additionally, variations in an effective re-
sistance in asignal path can cause read errors. Variations
in an access transistor in a memory cell and/or variations
in the digit line resistance can cause variation in effective
resistance in the signal path. Read errors resulting from
avariation in resistance of the signal path can even occur
when the resistances of the MTJ cells in the same state
are within a tight distribution.

[0008] While the disclosure may describe examples in
connection with MRAMs for illustrative purposes, the
principles and advantages described herein may be ap-
plied to other suitable types of memory. The principles
and advantages described herein can be applied to any
memory in which there is a variation in parasitic resist-
ances in memory cells and/or signal paths that can result
in aread error. For example, any combination of features
described herein can be applied to any memory cells that
include a memory element that has different resistances
in different states, which can be detected when deter-
mining data read from such memory cells. Some exam-
ples of memory cells that have memory elements with
different resistances in different states include MRAM
cells including STT-MRAM cells and orthogonal spin
transfer magnetoresistive random access memory (ST-
MRAM) cells, resistive random-access memory (RRAM
or ReRAM) cells including conductive bridging random
access memory (CBRAM), ferroelectric random access
memory (F-RAM) cells, complementary method oxide
memory (CMOx) cells, phase change memory (PCM or
PRAM) cells, and the like.

[0009] The state of an MRAM cell can be determined
by comparing a value from a memory array to a reference
value. The reference value may be obtained from a ref-
erence cell that is programmed to a state such that the
reference cell returns a value between values associated
with different states of a memory cell, such as a high
resistance state and alow resistance state. Reading from
aMRAM by comparing a value associated with a selected
memory cell with a reference value can be referred to as
a standard reference read. In certain instances, a single
reference value may not be sufficient to accurately read
from all of the memory cells, for example, due to the var-
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iations discussed above.

[0010] Another way to determine a state of an MRAM
cell, such as an MTJ STT-MRAM cell is a self-reference
read. Self-reference reads can reduce errors compared
to standard reference reads. In a self-reference read, a
memory cell is compared to itself. Self-reference reads
can involve comparing a value read from a memory cell
to another value read from the same memory cell. This
can reduce and/or eliminate read errors that result from
differences in cell-to-cell MTJ resistance and/or differ-
ences in resistances of signal paths associated with dif-
ferent cells in a memory array since the same cell and
signal path are used in comparing memory cell resistance
values. An example self-reference read can involve (1)
performing a standard reference read from a memory
cell, (2) programming the memory cell to a reference
state, (3) reading the memory cell programmed at the
reference state, and (4) comparing the values of the two
separate reads from the memory cell with a differential
sense amplifier. In this example, if the two values read
from the memory cell are approximately the same, the
memory cell is determined to be in the reference state.
On the other hand, in this example, if the two values read
from the memory cell are sufficiently different, the mem-
ory cell is in a non-reference state and the memory cell
is subsequently re-written to the non-reference state.
[0011] Self-reference reads can increase latency and
power compared to standard reference reads. The laten-
cy between when data is requested and returned can be
increased with a self-reference read compared toa single
read because the self-reference read can involve more
than one read operation and an additional programming
operation. The additional programming and reading as-
sociated with a self-reference read can significantly in-
crease power consumption compared to a single read.
[0012] To accurately read from memory cells in a pow-
er efficient manner, self-reference reads can be selec-
tively performed in one or more conditions in which read
errors are suspected to have occurred and/or likely to
occur. As such, a combination of standard reference
reads and self-reference reads can be performed to ac-
curately read data from a memory and maintain relatively
low power consumption for reading from the memory.
Furthermore, in some instances, the average latency of
accessing data from the memory can be reduced com-
pared to performing only self-reference reads.

[0013] Figure 1is aflow diagram of anillustrative meth-
od 100 of reading data from a memory according to an
embodiment. In the method 100, data is read from a
memory, such as an MRAM, with a combination of stand-
ard reference reads and self-reference reads. At block
110, data can be read from a memory. The read at block
110 can involve a standard reference read. Alternatively,
data can be read in accordance with any other suitable
low latency, low power method. Data can be read from
a single memory cell or a plurality of memory cells, for
example, to read a codeword or a byte of data. A code-
word is a combination of data and its corresponding error
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correction codes (ECC). The data and the corresponding
ECC do not need to be adjacent in a storage device. The
memory device can include an ECC encoder/decoder to
perform error correction code encoding and decoding.
[0014] More intensive reads, such as self-reference
reads, that involve higher power consumption and/or a
longer latency can be performed in response to detecting
a condition. While self-reference reads are described for
illustrative purposes, the principles and advantages de-
scribed herein can be applied to selectively performing
any read operation with increased accuracy compared
to a standard read operation, such as a standard refer-
ence read. For instance, any combination of features de-
scribed herein with reference to a self-reference read can
be applied to any read operation that involves multiple
reads from the same memory cell.

[0015] A condition for performing the self-reference
read can be associated with the read at block 110. For
example, it can be determined whether all error(s) in the
read at block 110 are correctable via error correction
codes (ECC). Examples of ECC include Hamming codes,
Bose Chaudhuri Hocquenghem (BCH) codes, and the
like. ECC bits can be used to detect bits that fail the read
at block 110 and/or codewords that are uncorrectable via
ECC.

[0016] In one embodiment, the process analyzes the
data read from memory for the errors at decision block
120 and attempts to correct errors using ECC. If no errors
are detected at decision block 120, the data read from
memory at block 110 can be provided to a processor at
block 128. When errors are detected at block 120, the
process initially attempts to correct the errors using the
ECC at block 122. The read data can be corrected via
ECC on the same die and/or chip as the memory. Alter-
natively or additionally, ECC correction can be performed
external to the die and/or chip on which the memory is
included. However, when the number of errors is greater
than the number of errors correctable by the ECC, the
codeword is uncorrectable via ECC. At decision block
124, it is determined whether all errors are correctable
by ECC.

[0017] Detecting uncorrectable ECC errors at block
124 is one illustrative example of detecting a condition
for which self-reference reads are performed. Self-refer-
ence reads can be performed in response to detecting a
condition associated with a read from a memory. For in-
stance, a self-reference read can be performed in re-
sponse to detecting a condition indicative of at least one
suspected error in data read from a memory. As another
example, a self-reference read can be performed in re-
sponse to detecting a condition indicative of data being
read from memory having at least a threshold number of
errors. As yet another example, a self-reference read can
be performed in response to detecting a condition indic-
ative of one or more memory cells having a relatively
large variation in resistance in the memory cell and/or
the signal path associated with reading from the memory
cell.
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[0018] In some embodiments, a self-reference read is
performed only in response to detecting a condition, such
as one or more of the conditions described herein. For
instance, according to one embodiment, self-reference
reads are performed only in response to determining that
data read from the memory is otherwise uncorrectable
via ECC.

[0019] Referring back to Figure 1, when it is deter-
mined at decision block 124 that all errors are corrected
via ECC, the ECC corrected data can be provided to a
processor at block 128. In this way, data read from mem-
ory that is correctable via ECC can be provided to the
processor with a relatively low power consumption and/or
a relatively low latency. Memory cells associated with
failing data digits can be validated after the read at block
110 without causing delay in providing the read data to
the processor. In one embodiment, there are more than
one codeword in a data read. In some embodiments,
ECC can be used to identify particular codewords having
uncorrectable errors and perform a self-reference read
on only the particular data digits and/or ECC digits of the
identified codewords to validate the memory cells. Other
suitable methods can be used to validate the memory
cells.

[0020] When it is determined that errors in data read
from memory are not correctable via ECC at decision
block 124, a self-reference read can be performed at
block 126. Similarly, the self-reference read can be per-
formed at block 126 in response to detecting a number
of conditions associated with a read, for example, one or
more of the conditions described herein. In this way,
some reads from the memory involve a single read op-
eration and other reads from the memory involve a plu-
rality of read operations when a condition is detected.
The self-reference read can involve the operations de-
scribed above in connection with the example self-refer-
ence read. Any other suitable self-reference read oper-
ations can alternatively or additionally be performed. By
performing a self-reference read, correct data can be
read from the memory when data previously read from
the same memory cells encountered an error that is un-
correctable via ECC alone. The self-reference read can
be performed on memory cells associated with each digit
of a codeword associated with the uncorrectable ECC
errors. In certain embodiments, one or more errors in
data read from the self-reference read can be further de-
tected and corrected as necessary via ECC. The data
read from memory via a self-reference read at block 126
can be provided to a processor at block 128. Data can
be provided to a processor at block 128 via a memory
controller, for example.

[0021] A self-reference read typically involves a longer
latency for providing valid data than a single read oper-
ation such as a standard reference read. A memory con-
troller receiving data read from the memory can detect
and account for such a delay. In certain embodiments,
selectively performing self-reference reads can result in
some or all of the other memory accesses to have a lower

10

15

20

25

30

35

40

45

50

55

latency than the self-reference reads. This should reduce
the average latency of memory accesses. By selectively
performing a self-reference read, some or all of the other
memory accesses can consume lower power than the
self-reference read. Such a reduction in power savings
can be significant. As self-reference reads should be less
frequently performed, the reduction in power consump-
tion and average latency also increases. When the self-
reference read is performed when error correction via
ECC fails, the underlying bit fail rate should be as good
as if self-reference reads were performed on every mem-
ory access.

[0022] In certain embodiments, the process 100 can
provide data read from memory with a variable latency.
The data provided by a standard reference read can be
provided with a lower latency than data read by a self-
reference read. A data ready signal can be provided to
a memory controller as an indication of valid read data
being ready for further processing. A dedicated pin can
be included on the memory controller to receive the data
ready signal in one embodiment. Additional circuitry can
be included to determine when valid read data is ready
for further processing, for example, in a managed mem-
ory solution. In this way, a dedicated pin may not be need-
ed for the data ready signal. In some embodiments, the
additional circuitry can implement a variable latency read
in connection with a double datarate type 3 (DDR3) mem-
ory controller. With a variable latency read, a memory
can provide valid data with lower power and lower aver-
age latency by selectively performing self-reference
reads compared to only performing self-reference reads.
In certain embodiments, most reads in such a method
can provide valid read data with lower latency than self-
reference reads.

[0023] According to some embodiments, data read
from memory can be provided with a fixed latency. In
such embodiments, the data read by a standard read can
be provided to a memory controller with approximately
the same latency as a self-reference read. Using approx-
imately the same latency for all read accesses can sim-
plify the design of a memory controller. With a fixed la-
tency for reading data from memory, selectively perform-
ing self-reference reads should consume lower power
than only performing self-reference reads.

[0024] The methods of selectively performing a self-
reference read herein can be implemented a variety of
ways in hardware and/or firmware. For instance, selec-
tively performing self-reference reads can be implement-
ed in a context of memory cells that are read with rela-
tively low swing signals. The principles and advantages
described herein can be applied to memories with vari-
ations in resistance among memory cells in the same
memory array and/or with variations in resistance in sig-
nal paths among memory cells in the same memory ar-
ray. High density MRAM is one example of such a mem-
ory. MRAMs can be highly scalable, high density, have
relatively low power consumption, have relatively low la-
tency for programming and reading, and have high en-
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durance.

[0025] Figure 2 is a schematic diagram of an example
memory 200 according to an embodiment. As illustrated
in Figure 2, the memory 200 can include a memory array
216 and a sense circuit 225 to sense a value read from
amemory cell 220 in the memory array 216. The memory
200 can also include an error detection circuit 290, which
can detect errors associated with data read from the
memory array 216 and/or any of the conditions described
herein. The error detection circuit 290 can include an
ECC encoder/decoder. The memory 200 can include
fewer or more components than illustrated. The memory
200 can implement any combination of features describe
in reference to the method 100.

[0026] The memory array 216 includes a plurality of
memory cells 220. The memory cells 220 can store data
digits, such as bits of a codeword that includes data and
corresponding error correction codes. The memory cells
220 can store binary data digits in one embodiment. In
another embodiment, the memory cells 220 can store
multi-level data digits that correspond to three or more
different states of a particular memory cell 220.

[0027] The illustrated memory cell 220 is a MTJ STT-
MRAM cell. The illustrated memory cell 220 includes a
spin-transfertorque (STT) MTJ memory element 222 that
is electrically connected in series with an access transis-
tor 224. The access transistor 224 can be a field effect
transistor (FET), such as an NMOS transistor or more
generally, an insulated gate FET. It will be understood
that these FETs can have gates made out of materials
other than metals, such as polycrystalline silicon, and
can have dielectric "oxide" regions made from dielectrics
other than silicon oxide, such as from silicon nitride or
high-k dielectrics. A first end of the STT MTJ memory
element 222 can be electrically connected to a drain of
the transistor 224. A second end of the STT MTJ memory
element 222 can be electrically connected to a digit line.
The access transistor 224 can also have a source elec-
trically coupled to a source line and a gate electrically
coupled to a word line. The STT MTJ memory element
222 can be modeled as a variable resistor. Changing a
state of the STT MTJ memory element 222 via spin trans-
fer can occur when a current passing through a magnetic
layer ofthe STT MTJ memory element 222 becomes spin
polarized and imparts a spin torque on a free layer of the
STT MTJ memory element 222. When a sufficient spin
torque is applied to the free layer, the magnetization ori-
entation of the free layer can be switched between two
opposite directions. Depending on the direction of the
current, the STT MTJ memory element 222 can be
switched between a low resistance state and a high re-
sistance state.

[0028] MRAMs canencounter difficulties inreading da-
ta due to variations in resistance. For example, in the
memory 200, the variation of resistances between MTJ
memory elements 222 of different memory cells 220 can
cause difficulties in accurately determining data stored
in the memory cells 220. Alternatively or additionally, the
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variation in resistance between access transistors 224
of different memory cells 220 and/or variation in parasitic
resistances between digit lines associate with different
memory cells 220 can cause difficulties in accurately de-
termining data stored in the memory cells 220. The sense
circuit 225 can efficiently and reliably determine valid da-
ta digits read from memory cells 220 of the memory array
216 in the presence of one of more of these variations in
resistance.

[0029] A stored data digit can be read out of a memory
cell 220 by measuring a resistance of the memory cell
220. An example signal path is shown in Figure 2 for one
memory cell 220. A value read from the memory cell 220
can be provided to the sense circuit 225. As illustrated,
the sense circuit 225 includes a sense output circuit 226,
a self-reference circuit 230, a reference circuit 240, a
pass transistor 260, and a storage element 270. While
the sense circuit 225 is illustrated for one digit line in
Figure 2, the sense circuit 225 can include a dedicated
sense output circuit 226, self-reference circuit 230, pass
transistor 260, and storage element 270. In certain em-
bodiments, any combination of the sense output circuit
226, the self-reference circuit 230, the pass transistor
260, and storage element 270 can be provided in con-
nection with each digit line in the memory array 216.
[0030] Thesensecircuit225canoperateinafirstmode
and a second mode. In one embodiment, the second
mode can be activated only when errors in a codeword
are determined to be uncorrectable. The sense output
circuit 226 can compare a value read from a selected
memory cell of the memory array associated with a first
read operation with a reference signal in the first mode,
or compare a value read from the selected memory cell
of the memory array associated with a second read op-
eration with a self-reference value in the second mode,
based on a select signal. The select signal can be indic-
ative of any combination of the conditions associated with
reading from a memory described herein. For instance,
the select signal can be indicative of an error in data read
from the memory being uncorrectable via ECC.

[0031] With reference to Figure 2, a value read from
the memory cell 220 can be provided via a pass transistor
260 to a storage element 270, such as a capacitor. The
pass transistor 260 can pass the value read from the
memory cell 220 to the storage element 270 when a read
enable signal is asserted. The value stored by the ca-
pacitor can be provided to an input of a sense amplifier
280.

[0032] The value read from the memory cell 220 can
also be provided to a self-reference circuit 230. The self-
reference circuit 230 can store a value read from the
memory cell 220 for a comparison with a subsequent
value read from the memory cell. The self-reference cir-
cuit 230 can provide a self-reference value to a sense
output circuit 226 during a subsequent read operation
from the memory cell 220. The self-reference value can
represent a value previously read from the memory cell
220.



9 EP 3 996 094 A1 10

[0033] Areference circuit 240 can provide a reference
value to the sense outputcircuit226. The reference circuit
240 can be any suitable circuit configured to provide a
reference value for determining a state of a memory cell
220. As one example, the reference circuit 240 can in-
clude a reference memory cell functionally similar to the
memory cell 220. Such areference cell can be configured
to generate a high state value, a low state value, or a
value between the high state and the low state. In one
embodiment, one reference circuit 240 can be imple-
mented with the memory array 216 and one self-refer-
ence circuit 230 can be implemented with each digit line
of the memory array 216. The reference value can then
be used to determine a value of a data digit stored in the
memory cell 220 in a standard reference read.

[0034] Incertainembodiments, the sense outputcircuit
226 includes a multiplexer 250 and a sense amplifier 280.
The multiplexer 250 can receive the reference signal and
the self-reference signal. The multiplexer 250 can be im-
plemented by any suitable circuit, such as combinational
logic and/or switch(es). The multiplexer 250 can output
either the reference value or the self-reference value
based on a select signal. The select signal can be indic-
ative one or more of the conditions described herein, for
example, whether an error uncorrectable via ECC has
been detected. An output of the multiplexer 250 can be
provided to the sense amplifier 280. In this way, the mul-
tiplexer 250 can selectively provide the reference value
to the sense amplifier 280 for a standard reference read
or the self-reference value to the sense amplifier 280 for
a self-reference read.

[0035] The sense amplifier 280 can determine a data
digit Data_Out based on comparing a value read from
the memory cell 220 with either the reference value or
the self-reference value. The data digit Data_Out can be
output from the memory 200. For instance, the data digit
Data Out can be provided to an ECC engine in connection
with a standard reference read. The ECC engine can be
implemented on the same die as the memory 200 and/or
external to a die that includes the memory 200. The ECC
engine can include an error correction encoder/decoder
configured to generate error correction codes, to identify
errors in codewords, and to correct errors in codewords.
In the embodiment shown in Figure 2, the ECC engine
is included in the error detection circuit 290.

[0036] In another embodiment (not illustrated), the
sense output circuit 226 can include separate sense am-
plifiers for a standard reference read and a self-reference
read. The separate sense amplifiers can be separately
activated based on one or more of the conditions de-
scribed herein. Alternatively or additionally, the outputs
of the separate amplifiers can be provided to additional
circuitry to determine which output of the sense amplifiers
to output as the data digit.

[0037] The error detection circuit 290 can include logic
to generate a data ready signal, which can be provided
to a memory controller to indicate whether valid data read
from the memory is ready to for further processing. The
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logic can be implemented by any suitable circuitry. Alter-
natively, the data ready signal can be generated by the
sense circuit 225. The data ready signal can be used to
implement variable latency reads from the memory array
216 in which a standard read has a lower latency than a
self-referenced read.

[0038] In one embodiment, a method of reading data
from a memory array includes reading data from memory
cells of the memory array. The method also includes per-
forming a self-reference read from the same memory
cells in response to determining that an error in the data
read from the memory cells is uncorrectable via error
correction codes. The self-reference read includes com-
paring a value read from a memory cell to another value
read from the same memory cell.

[0039] In another embodiment, a method of reading
data from a memory array includes reading data from
memory cells of the memory array by comparing values
associated with the memory cells of the memory array
with a reference value. The method also includes per-
forming a self-reference read from at least one of the
memory cells in response to detecting a condition asso-
ciated with the reading data from the memory array. The
self-reference read includes comparing a value read from
amemory cell to another value read from the same mem-
ory cell.

[0040] In another embodiment, an apparatus includes
a memory array, an error correction encoder/decoder,
and a sense circuit. The memory array includes memory
cells and is configured to store codewords that include
data and corresponding error correction codes. The error
correction encoder/decoder is configured to generate er-
ror correction codes, to identify errors in codewords, and
to correct errors in codewords. The sense circuit has a
first mode and a second mode. The second mode is ac-
tivated only when errors in a codeword are determined
to be uncorrectable. The sense circuit includes a refer-
ence circuit, a self-reference circuit, and a sense output
circuit. The reference circuit is configured to generate a
reference signal for the first mode. The self-reference
circuit is configured to receive a value read from a se-
lected memory cell of the memory array associated with
a first read operation, and to generate a self-reference
signal based on the received value for the second mode.
The sense output circuit is configured to perform a first
comparison of the value read from the selected memory
cell of the memory array associated with the first read
operation with the reference signal. The sense output
circuitis also configured to perform a second comparison
of the a value read from the selected memory cell of the
memory array associated with a second read operation
with the self-reference value, the second read operation
occurring subsequent to the first read operation. The
sense circuit is also configured to output a data digit
based on a select signal and at least one of the first com-
parison or the second comparison. The data digit repre-
sents data stored in the selected memory cell.

[0041] In another embodiment, a method of reading
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datafrom amemory array includes performing a standard
reference read operation that includes reading data from
selected memory cells of the memory array by comparing
values associated with the selected memory cells of the
memory array with at least one reference value. Each of
the selected memory cells includes a memory element
configured to have a different resistance in a first state
than in a second state. The method also includes per-
forming a read operation with increased accuracy com-
pared to the standard reference read operation to read
data from one or more of the selected memory cells, in
response to detecting a condition associated with per-
forming the standard reference read operation.

[0042] Self-reference reads can be selectively per-
formed by a variety of memories in accordance with the
principles and advantages described herein. A memory
device, such as an MRAM device, according to the em-
bodiments described above can be incorporated in var-
ious electronic devices. Examples of the electronic de-
vices can include, but are not limited to, consumer elec-
tronic products, electronic circuits, electronic circuit com-
ponents, parts of the consumer electronic products, elec-
tronic test equipments, etc. Examples of the consumer
electronic products include, but are not limited to, a mo-
bile phone, atelephone, a television, a computer monitor,
a computer, a hand-held computer, a laptop computer,
a tablet computer, a personal digital assistant (PDA), a
microwave, a refrigerator, a stereo system, a cassette
recorder or player, a DVD player, a CD player, a VCR,
an MP3 player, a radio, a camcorder, an optical camera,
a digital camera, a washer, a dryer, a washer/dryer, a
copier, a facsimile machine, a scanner, a multi functional
peripheral device, a wrist watch, a clock, etc. Further, the
electronic device can include unfinished products.
[0043] The foregoing description and claims may refer
to elements orfeatures as being "connected" or "coupled"
together. As used herein, unless expressly stated to the
contrary, "connected" means that one element/feature is
directly or indirectly connected to another element/fea-
ture, and not necessarily mechanically. Likewise, unless
expressly stated to the contrary, "coupled" means that
one element/feature is directly or indirectly coupled to
another element/feature, and not necessarily mechani-
cally. Thus, although the drawings illustrate various ex-
amples of arrangements of elements and components,
additional intervening elements, devices, features, or
components may be present in an actual embodiment.
[0044] Anycombination of the features of the methods
described herein may be embodied in code stored in a
non-transitory computer readable medium. When exe-
cuted, the non-transitory computer readable medium
may cause some or all of any of the methods described
herein to be performed. It will be understood that any of
the methods discussed herein may include greater or
fewer operations and that the operations may be per-
formed in any order, as appropriate.

[0045] Various embodiments have been described
above. Although described with reference to these spe-
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cific embodiments, the descriptions are intended to be
illustrative and are not intended to be limiting. Various
modifications and applications may occur to those skilled
in the art.

[0046] Furtherembodiments are setoutin the following
clauses in which:

1. A method of reading data from a memory array,
the method comprising:

reading data from memory cells of the memory
array; and

in response to determining that an error in the
data read from the memory cells is uncorrecta-
ble via error correction codes, performing a self-
reference read from the same memory cells,
wherein the self-reference read comprises com-
paring a value read from a memory cell to an-
other value read from the same memory cell.

2. The method of Clause 1, wherein a first latency in
providing valid data read from the memory cells to a
processor associated with said reading is less than
a second latency in providing valid data read from
the same memory cells to the processor in said per-
forming the self-reference read.

3. The method of Clause 1, wherein a first latency in
providing valid data read from the memory cells to a
processor associated with said reading is approxi-
mately the same as a second latency in providing
valid data read from the same memory cells to the
processor in said performing the self-reference read.
4.The method of Clause 1, wherein the memory cells
comprise magnetoresitive random access memory
(MRAM) cells.

5. The method of Clause 1, wherein more than one
codeword is read at a time, wherein performing the
self-reference read further comprises performing a
self-reference read only on digits of a codeword iden-
tified as having been read with an uncorrectable er-
ror.

6. The method of Clause 1, wherein preforming the
self-reference read further comprises re-program-
ming the memory cell when comparing the value
read from the memory cell to the another value read
from the same memory cell indicates that the com-
pared values correspond to different states of the
memory cell.

7. The method of Clause 1, further comprising cor-
recting correctable errors in the data read from the
memory cells via decoding of error correction codes.
8. The method of Clause 1, further comprising pro-
viding the data from said reading to a processor in
response to determining that all errors in the data
are correctable via error correction codes.

9. A method of reading data from a memory array,
the method comprising:
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reading data from memory cells of the memory
array by comparing values associated with the
memory cells of the memory array with a refer-
ence value; and

in response to detecting a condition associated
with said reading, performing a self-reference
read from at least one of the memory cells,
wherein the self-reference read comprises com-
paring a value read from a memory cell to an-
other value read from the same memory cell.

10. The method of Clause 9, wherein the condition
is indicative of an error in the data read from the
memory cells being uncorrectable via error correc-
tion codes.

11. The method of Clause 9, wherein the condition
is indicative of at least one suspected error in the
data read from the memory cells.

12. The method of Clause 9, wherein the condition
is indicative of a number of errors in the data read
from the memory cells having at least a threshold
number of errors, and wherein the threshold number
of errors is greater than 1.

13. The method of Clause 9, further comprising ac-
cessing, by a processor, data from the memory array
with a variable latency, wherein data accessed by
said reading has a lower latency than data accessed
by said performing the self-reference read.

14. The method of Clause 9, wherein each of the
memory cells comprises a memory element config-
ured to have a different resistance in a first state than
in a second state.

15. The method of Clause 14, wherein performing
the self-reference read comprises:

programming a selected memory cell to the first
state; and

re-programming the selected memory cell to the
second state when comparing the value read
from the selected memory cell to the another
value read from the selected memory cell indi-
cates that one of the compared values corre-
sponds to the first state and the other of the com-
pared values corresponds to the second state.

16. The method of Clause 9, wherein the memory
cells comprise magnetic tunnel junction spin torque
transfer magnetoresitive random access memory
(MTJ STT-MRAM) cells.

17. The method of Clause 9, further comprising cor-
recting one or more errors in the data read from the
memory cells via error correction codes when the
condition is not detected.

18. The method of Clause 9, further comprising cor-
recting errors in the data from said reading via error
correction codes, and providing the corrected data
to a processor when no errors are detected in the
corrected data.
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19. The method of Clause 9, wherein the reference
value is generated by a reference cell comprising a
memory cell having a resistive circuit element.

20. An apparatus comprising:

a memory array comprising memory cells, the
memory array configured to store codewords
comprising data and corresponding error cor-
rection codes;

an error correction encoder/decoder configured
to generate error correction codes, to identify
errors in codewords, and to correct errors in
codewords; and

a sense circuit having a first mode and a second
mode, wherein the second mode is activated on-
ly when errors in a codeword are determined to
be uncorrectable, the sense circuit comprising:

a reference circuit configured to generate a
reference signal for the first mode;

a self-reference circuit configured toreceive
a value read from a selected memory cell
of the memory array associated with a first
read operation, and to generate a self-ref-
erence signal based on the received value
for the second mode; and

a sense output circuit configured to:

perform afirst comparison of the value read from
the selected memory cell of the memory array
associated with the first read operation with the
reference signal;

perform a second comparison of the a value
read from the selected memory cell of the mem-
ory array associated with a second read opera-
tion with the self-reference value, the second
read operation occurring subsequent to the first
read operation; and

output a data digit based on a select signal and
atleast one of the first comparison or the second
comparison, the data digit representing data
stored in the selected memory cell.

21. The apparatus of Clause 20, wherein the sense
output circuit is configured to perform either the first
comparison or the second comparison based on the
select signal.

22. The apparatus of Clause 20, wherein the sense
output circuit comprises a sense amplifier configured
to determine the data digit.

23. The apparatus of Clause 22, wherein the sense
output circuit further comprises a multiplexer config-
ured to provide either the reference signal or the self-
reference signal to the sense amplifier based on the
select signal.

24. The apparatus of Clause 20, wherein the memory
cells comprise magnetoresitive random access
memory (MRAM) cells.
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25. The apparatus of Clause 20, wherein the error
correction code encoder/decoder is further config-
ured to correct one or more errors in the data digits
read by the sense circuit.

26. The apparatus of Clause 25, wherein the error
correction code encoder/decoder and the memory
array are included on a single die.

27. The apparatus of Clause 20, wherein the appa-
ratus is further configured to generate a data ready
signal indicative of whether the data digit is valid.
28. A method of reading data from a memory array,
the method comprising:

performing a standard reference read operation
comprising reading data from selected memory
cells of the memory array by comparing values
associated with the selected memory cells of the
memory array with at least one reference value,
wherein each of the selected memory cells com-
prises a memory element configured to have a
different resistance in a first state than in a sec-
ond state; and

in response to detecting a condition associated
with said performing the standard reference
read operation, performing aread operation with
increased accuracy compared to the standard
reference read operation to read data from one
or more of the selected memory cells.

29. The method of Clause 28, wherein the read op-
eration with increased accuracy comprises two or
more reads from the same memory cell of the se-
lected memory cells.

30. The method of Clause 28, wherein the read op-
eration with increased accuracy involves a higher
power consumption compared to the standard ref-
erence read operation.

31. The method of Clause 28, wherein the read op-
eration with increased accuracy comprises a self-
reference read, wherein the self-reference read
comprises comparing a value read from a memory
cell to another value read from the same memory
cell.

32. The method of Clause 28, wherein the condition
is indicative of an error in the data read from the
memory cells in the standard reference read opera-
tion being uncorrectable via error correction codes.
33. The method of Clause 28, wherein the memory
array comprises magnetoresitive random access
memory (MRAM) cells.

Claims

An apparatus comprising:

a memory array comprising memory cells, the
memory array configured to store data and cor-
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responding error correction codes;

an error correction encoder/decoder (290) con-
figured to generate error correction codes, to
identify errors in the data, and to correct errors
in the data;

a reference circuit (240) configured to generate
a reference signal;

a self-reference circuit (230) configured to re-
ceive a value read from a selected memory cell
of the memory array associated with a first read
operation, and to generate a self-reference sig-
nal based on the received value; and

a sense output circuit (226) configured to:

perform a first comparison of the value read
from the selected memory cell of the mem-
ory array associated with the first read op-
eration with the reference signal; and

in response to detecting an error which is
uncorrectable via error correction codes,
perform a second comparison of the a value
read from the selected memory cell of the
memory array associated with a second
read operation with the self-reference val-
ue, the second read operation occurring
subsequent to the first read operation.

The apparatus of claim 1, wherein a first latency in
providing valid data read from the memory cells to a
processor associated with the first comparison is
shorter than a second latency in providing valid data
read from the same memory cells to the processor
in the second comparison.

The apparatus of claim 1, wherein a first latency in
providing valid data read from the memory cells to a
processor associated with the first comparison is the
same as a second latency in providing valid data
read from the same memory cells to the processor
in the second comparison.

The apparatus of claim 1, wherein the memory cells
comprise magnetoresistive random access memory
(MRAM) cells.

The apparatus of claim 1, wherein the second com-
parison further comprises re-programming the se-
lected memory cell when comparing the value read
from the selected memory cell to another value read
from the selected memory cell indicates that the
compared values correspond to different states of
the selected memory cell.

The apparatus of claim 1, wherein the error correc-
tion encoder/decoder is further configured to correct
correctable errors in the data read from the memory
cells via decoding of the error correction codes.
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The apparatus of claim 1, further comprising a proc-
essor, wherein the sense output circuit is further con-
figured to provide data from the first comparison to
the processor in response to determining that the
errors in the data are correctable via the error cor-
rection codes.

An apparatus comprising:

a memory array comprising memory cells, the
memory array configured to store data and cor-
responding error correction codes;

an error correction encoder/decoder (290) con-
figured to generate error correction codes, to
identify errors in the data, and to correct errors
in the data; and

a reference circuit (240) configured to generate
a reference signal;

a self-reference circuit (230) configured to re-
ceive a value read from a selected memory cell
of the memory array associated with a first read
operation, and to generate a self-reference sig-
nal based on the received value;

a sense output circuit (226) configured to:

perform a first comparison of the value read
from the selected memory cell of the mem-
ory array associated with the first read op-
eration with the reference signal; and

in response to detecting a condition asso-
ciated with the first comparison, perform a
second comparison of the a value read from
the selected memory cell of the memory ar-
ray associated with a second read operation
with the self-reference value, the second
read operation occurring subsequent to the
first read operation, and

a processor to access data from the memory
array with a variable latency, wherein accessing
data associated with the firstread operation has
a shorter latency than accessing data associat-
ed with the second read operation.

The system of claim 8, wherein the condition indi-
cates an error in the data read from the memory cells
as being uncorrectable via the error correction
codes.

The system of claim 8, wherein the condition indi-
cates a suspected error in the data read from the
memory cells associated with the first read opera-
tion.

The system of claim 8, wherein the condition indi-
cates a number of errors in the data read from the
memory cells associated with the first comparison
including athreshold number of errors greater than 1.
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The system of claim 8, wherein each of the memory
cells comprises a memory element having a different
resistance in a first state than in a second state.

The system of claim 12, wherein performing the sec-
ond comparison comprises:

programming the selected memory cell to the first
state; and

re-programming the selected memory cell to the sec-
ond state when comparing the value read from the
selected memory cell to another value read from the
selected memory cell indicates that one of the com-
pared values corresponds to the first state and the
other of the compared values corresponds to the
second state.

The system of claim 8, wherein the memory cells
comprise magnetic tunnel junction spin torque trans-
fer magnetoresistive random access memory (MTJ
STT-MRAM) cells.

The system of claim 8, wherein the error correction
encoder/decoder is configured to correct one or
more errors in the data read from the memory cells
via the error correction codes when the condition is
not detected.



EP 3 996 094 A1

700

\

770
READ FROM MEMORY }——~

722

/

PERFORM ECC

ERROR(S)

720 DETECTED?

NO

ERROR(S)
CORRECTED?

YES 724

A 4

PROVIDE DATA le— PERFORM SELF-REFERENCED

READ FROM MEMORY
728 126

FIG. |

1"



EP 3 996 094 A1

| |
| |
“ wnouo |
| sousseey |
lapoos( ! P !
pepoouz 903 | | N !
e . |
pnony | | “ .
uonoelea | i 199183 05z | | .
Joug : | ! .
1] | |
| I
\ | seydwy i L “ﬂ 5017 gesﬁ J“
] | |
067 | 775908 / ] | | aur7 20inog |
i a Rld | | 2z |
. L ol | |
— T odusliole
noeje m“r---ll/ .................... | Jos | | 72z |
“ 1oy A “ i LN “
| Indino asusg oL o 09 “ m [
m 9eE L | | aunibi B
| I | A 169 Kowa -
| ajqeus peay | : wa
\ - pnomyesuwes \ Rewy fiowopy
$2Z 91z

"

aoc

12



10

15

20

25

30

35

40

45

50

55

EP 3 996 094 A1

9

Europdisches
Patentamt

European

Patent Office EUROPEAN SEARCH REPORT

Office européen
des brevets

[

EPO FORM 1503 03.82 (P04C01)

DOCUMENTS CONSIDERED TO BE RELEVANT

Application Number

EP 21 21 7726

Category

Citation of document with indication, where appropriate,
of relevant passages

Relevant
to claim

CLASSIFICATION OF THE
APPLICATION (IPC)

Y

US 2010/067281 Al (XI HAIWEN [US] ET AL)
18 March 2010 (2010-03-18)

* paragraph [0042] - paragraph [0049];
claims 16-20; figures 6,9,10 *

US 2008/307270 Al (LI TIENIU [US])

11 December 2008 (2008-12-11)

* paragraphs [0019], [0037] - [0047];
figure 4 *

US 7 624 209 Bl (ANSARI AHMAD R [US] ET
AL) 24 November 2009 (2009-11-24)

* column 1, line 41 - column 2, line 48 *
US 2002/118578 Al (JANZEN JEFFERY W [US]
ET AL) 29 August 2002 (2002-08-29)

* paragraph [0035] - paragraph [0036];
figure 8 *

JP 2007 242118 A (TDK CORP)

20 September 2007 (2007-09-20)

* paragraph [0024] - paragraph [0042];

1-15

2,8-15

INV.

Glicill/1e6
Gl1c29/02
GO6F11/07
GO6F11/10

TECHNICAL FIELDS
SEARCHED  (IPC)

figures 1, 2 * Gllc
————— GO6F
The present search report has been drawn up for all claims
Place of search Date of completion of the search Examiner
The Hague 31 March 2022 Colling, Pierre

T
E

X : particularly relevant if taken alone

Y : particularly relevant if combined with another D : document cited in the application
L : document cited for other reasons

A :technological background

O : non-written disclosure & : member of the same patent family, corresponding

P :intermediate document document

CATEGORY OF CITED DOCUMENTS

: theory or principle underlying the invention

: earlier patent document, but published on, or

document of the same category

after the filing date

13




10

15

20

25

30

35

40

45

50

55

EPO FORM P0459

ANNEX TO THE EUROPEAN SEARCH REPORT

EP 3 996 094 A1

ON EUROPEAN PATENT APPLICATION NO.

EP 21 21 7726

This annex lists the patent family members relating to the patent documents cited in the above-mentioned European search report.

The members are as contained in the European Patent Office EDP file on

The European Patent Office is in no way liable for these particulars which are merely given for the purpose of information.

31-03-2022
Patent document Publication Patent family Publication

cited in search report date member(s) date

US 2010067281 Al 18-03-2010 uUs 2010067281 Al 18-03-2010
uUs 2010238712 A1l 23-09-2010
uUs 2011134682 Al 09-06-2011

US 2008307270 Al 11-12-2008 AT 514131 T 15-07-2011
CN 101681281 A 24-03-2010
CN 102880521 A 16-01-2013
EP 2162822 Al 17-03-2010
EP 2367110 A1l 21-09-2011
EP 2372549 Al 05-10-2011
JP 2010529557 A 26-08-2010
KR 20100033507 A 30-03-2010
KR 20140141684 A 10-12-2014
TW 200912631 A 16-03-2009
uUs 2008307270 Al 11-12-2008
uUs 2010287410 A1 11-11-2010
Us 2011239061 Al 29-09-2011
uUs 2015121128 A1l 30-04-2015
WO 2008154119 A1 18-12-2008

US 7624209 Bl 24-11-2009 NONE

US 2002118578 Al 29-08-2002 AT 303649 T 15-09-2005
CN 1503974 A 09-06-2004
DE 60205877 T2 29-06-2006
EP 1374244 A2 02-01-2004
JP 4030875 B2 09-01-2008
JP 5415677 B2 12-02-2014
JP 2004525453 A 19-08-2004
JP 2007299522 A 15-11-2007
KR 20040005877 A 16-01-2004
uUs 2002118578 Al 29-08-2002
Us 2003002355 Al 02-01-2003
uUs 2004160832 Al 19-08-2004
WO 02069341 A2 06-09-2002

JP 2007242118 A 20-09-2007 NONE

For more details about this annex : see Official Journal of the European Patent Office, No. 12/82

14




	bibliography
	abstract
	description
	claims
	drawings
	search report

